Language is a characteristic feature of human communication. Several familial language impairments have been identified, and candidate genes for language impairments already isolated. Studies comparing expression patterns of these genes in human brain are necessary to further understanding of these genes. However, it is difficult to examine gene expression in human brain. In this study, we used a non-human primate (common marmoset; Callithrix jacchus) as a biological model of the human brain to investigate expression patterns of human speech-and reading-related genes. Expression patterns of speech disorder-(FoxP2, FoxP1, CNTNAP2, and CMIP) and dyslexia-(ROBO1, DCDC2, and KIAA0319) related genes were analyzed. We found the genes displayed overlapping expression patterns in the ocular, auditory, and motor systems. Our results enhance understanding of the molecular mechanisms underlying language impairments.
Introduction
Language is a human-specific trait used for communication. Existence of familial language impairments offers the possibility of using genetics to study language. Indeed, genetic variants, such as mutations or single nucleotide polymorphisms (SNPs), in candidate genes for speech/language impairments have been identified using molecular biological approaches in patients with inherited language disorders, or association studies in clinical cohorts (Falcaro et al., 2008; Francks et al., 2004; Monaco, 2007; Newbury & Monaco, 2010; Newbury et al., 2009 Newbury et al., , 2011 SLI Consortium (SLIC), 2002 . Speech is a possible external interface for language and consists of articulation, vocalization and Fluency. Vocalization is the sound produced by animals includes human using lung and vocal tract. A mutation in the forkhead box P2 (FOXP2) gene is present in affected KE family members. Approximately half the members of this family have speech disorders, including verbal and orofacial dyspraxia (Belton, Salmond, Watkins, Vargha-Khadem, & Gadian, 2003; Fisher, Vargha-Khadem, Watkins, Monaco, & Pembrey, 1998; Lai, Fisher, Hurst, Vargha-Khadem, & Monaco, 2001; Liegeois et al., 2003; Vargha-Khadem, Gadian, Copp, & Mishkin, 2005; VarghaKhadem, Watkins, Alcock, Fletcher, & Passingham, 1995) . It has also been reported that FOXP1, a molecule that directly interacts with FOXP2, is associated with language impairments (Carr et al., 2010; Hamdan et al., 2010; Horn et al., 2010; Palumbo et al., 2013; Pariani, Spencer, Graham, & Rimoin, 2009; Vernes, MacDermot, Monaco, & Fisher, 2009) . Specific language impairments (SLI) are found in children with delayed or disordered language development for no apparent reason. Candidate genes for SLI have been reported, and include contactin associated protein-like 2 (CNTNAP2) and c-Maf inducing protein (CMIP) (Newbury & Monaco, 2010; SLIC, 2002; Vernes et al., 2008) . Furthermore, both FOXP1 and CNTNAP2 are known to interact with FOXP2, and both FOXP1 and FOXP2 are known to regulate CNTNAP2 (Horn et al., 2010; Newbury & Monaco, 2010; Pariani et al., 2009; Rodenas-Cuadrado, Ho, & Vernes, 2014; Vernes et al., 2008 Vernes et al., , 2009 ). In addition, some subjects with dyslexia, a developmental reading disability, exhibit SLI (Bishop & Snowling, 2004; Newbury et al., 2011) for dyslexia (Fisher & DeFries, 2002; Fisher & Francks, 2006; Gibson & Gruen, 2008; McGrath, Smith, & Pennington, 2006; Paracchini, Scerri, & Monaco, 2007) include roundabout, axon guidance receptor, homolog 1 (Drosophila) (ROBO1) (Hannula-Jouppi et al., 2005) , doublecortin domain-containing 2 (DCDC2) (Lind et al., 2010; Meng et al., 2005; Schumacher et al., 2005 Schumacher et al., , 2006 , and KIAA0319 (Cope et al., 2005; Dennis et al., 2009; Francks et al., 2004; Harold et al., 2006; Poelmans et al., 2009 ), all genes important for neural development. ROBO1 encodes a receptor protein for the SLIT family of proteins, and plays an essential role in axon guidance (e.g. midline crossing and neuronal migration of precursor cells) (Kidd, Bland, & Goodman, 1999; Kidd et al., 1998; Nguyen Ba-Charvet et al., 1999; Seeger, Tear, Ferres-Marco, & Goodman, 1993) . KIAA0319 and DCDC2 play important roles in neuronal migration during neocortical development in rats (Bai et al., 2003; Paracchini et al., 2007) . Furthermore, FoxP1 and FoxP2 are important transcription factors for neural development (Rousso, Gaber, Wellik, Morrisey, & Novitch, 2008; Vernes et al., 2007) . CNTNAP2 encodes a neuronal transmembrane protein that is a member of the neurexin superfamily, and involved in neural-glia interactions and potassium channel clustering in myelinated axons (Poliak et al., 2003; Zweier et al., 2009) . Gene expression analysis of these genes in the human brain is necessary to elucidate the neural basis underlying language. Although major initiatives such as the Allen Brain Institute are examining gene expression in humans, in general, it is difficult to do so and not readily performed gene expression in human brain, and experimental animals with complex vocal communication and in which molecular biological approaches can be applied are desired. Birdsong is studied as a biological model of human language (Bolhuis, Okanoya, & Scharff, 2010; Doupe & Kuhl, 1999; Jarvis, 2004; White, Fisher, Geschwind, Scharff, & Holy, 2006) , as it requires the vocal learning ability needed to acquire language in humans. In addition, the neural circuit for vocal learning in birds is well studied, although it is more difficult to use genetic manipulation in birds compared with mice. Genetic approaches can be used in mice, but their vocalization is not particularly complicated. In addition, the brains of mice and birds differ from primates in terms of brain structure and information processing. The common marmoset (Callithrix jacchus), a New World monkey exhibiting many types of vocalization (Bezerra & Souto, 2008; Pistorio, Vintch, & Wang, 2006) , is a useful primate species for studying the neural basis of higher-order cognitive, emotional, and social interactions because of histological similarities between marmoset and human brain, high reproduction performance, and small body size compared with other experimental primates, such as macaque monkeys (Miller, Mandel, & Wang, 2010; Okano, Hikishima, Iriki, & Sasaki, 2012; Roberts & Wallis, 2000; Sasaki et al., 2009; Sawamoto et al., 2011; Yamazaki & Watanabe, 2009) . It is known that expression patterns of several genes are different between mice and marmoset brain. Moreover, when marmosets vocalize, neural activity dependent gene expression is observed in the marmoset homologue of human Broca's area (Simoes et al., 2010) . Marmoset vocalization reflects developmental changes in the acoustic structure of species-specific communicative sounds, produced in social settings (Pistorio et al., 2006) . Thus, for all of these reasons, the common marmoset is a suitable animal model for biological approaches to studying human language. In this study, we have for the first time, compared genes related to human speech and dyslexia in primates using the common marmoset brain as a model for the human brain.
Materials and methods

Experimental animals
The common marmosets used in this study were derived from a breeding colony at the Support Unit for Animal Resources Development, RIKEN BSI Research Resources Center, or from a colony at the Central Institute for Experimental Animals (CIEA). Experiments were performed in two (one male, one female) neonatal (postnatal day (P) 0), and four (two male, two female) adult marmosets (over 18 months of age). These ages were used to investigate gene expression changes during development because the common marmoset displays vocalizations at P0 that change during development.
All experimental protocols were approved by the institutional animal care and use committee at RIKEN and CIEA. All interventions and animal care procedures were performed in accordance with the Laboratory Animal Welfare Act, Guide for the Care and Use of Laboratory Animals (National Institutes of Health), and the Guidelines and Policies for Animal Surgery provided by the Animal Study Committees of RIKEN and CIEA.
cDNA cloning
RNA was isolated from an adult female common marmoset brain using the RNeasy Lipid Tissue Mini kit (Qiagen, Tokyo, Japan). cDNA fragments of speech disorder-related genes were synthesized from adult common marmoset brain RNA by reverse transcription polymerase chain reaction (RT-PCR) using gene-specific primers (Table 1) . cDNA fragments of dyslexia-related genes were synthesized from cDNA clones provided by the DNA Bank of the RIKEN BioResource Center (Ibaraki, Japan) (Tatsumoto et al., 2013) by PCR. Primers were designed using Primer3 (http:// primer3.sourceforge.net/) to assess common marmoset and human nucleotide sequences.
PCR products were examined on 1.0% agarose gels, excised from gels, and then cloned into pGEMTeasy plasmids (Promega, Madison, WI, USA). Cloned plasmids were transformed into DH5 alpha-competent Escherichia coli cells, and transformed E. coli colonies selected by growth on ampicillin (100 lg/mL) agar plates.
Selected colonies were grown in Luria-Bertani broth supplemented with ampicillin (100 lg/mL), and plasmid DNA extracted using the Wizard Ò Plus SV Minipreps DNA Purification System (Promega). Nucleotide sequences were determined using a Dye Terminator Cycle Sequencing kit (Applied Biosystems, Tokyo, Japan) and the ABI 3730xl DNA sequencer (Applied Biosystems). Sequences were compared with the National Center for Biotechnology Information (NCBI) nucleotide database using the Basic Local Alignment Search Tool (BLAST) program.
In situ hybridization
In situ hybridization was performed as described by Matsunaga and Okanoya (2008) and Kato and Okanoya (2010) . Common marmosets were removed from the family cage, anesthetized with a mixture of ketamine and xylazine, and then killed by exsanguination. The marmoset could freely express calls before anesthesia. Brains were quickly dissected, frozen on dry ice in an embedding medium (Tissue-Tek; Sakura Finetek, Torrance, CA, USA), and then cut into 20-lm-thick coronal sections on a cryostat.
Digoxigenin (DIG)-labeled probes were generated using the original cDNA PCR products as templates. PCR products were generated using universal primers (SP6 primer, 5 0 -TAATACGACT CACTATAGGG-3 0 ; and T7 primer, 5 0 -TAATACGACTCACTATAGGG-3 0 ) and purified using the Wizard Ò SV Gel and PCR Clean-Up System (Promega). Probes were synthesized using T7 or SP6 RNA polymerase (Roche Diagnostics, Switzerland) and a DIG-labeling mix (Roche Diagnostics).
Glass-mounted brain tissue sections were fixed in 4% paraformaldehyde for 10 min and then rinsed three times with phosphate-buffered saline (PBS) for 5 min each. Sections were acetylated for 10 min in distilled water containing 1.35% triethanolamine, 0.25% acetic anhydride, and 0.065% HCl, and then incubated in PBS containing 1% Triton X-100 for 30 min. Next, sections were rinsed three times with PBS for 5 min each time, and then incubated in a hybridization solution of RNase-free water containing 50% formamide, 5 Â saline sodium citrate (SSC), 5 Â Denhardt's solution, 0.24 mg/mL yeast tRNA, 0.5 mg/mL salmon sperm DNA, and labeled probes. The sections were coverslipped in a humid box and incubated overnight at 72°C. The next day, coverslips were removed by placing sections in pre-warmed 5 Â SSC at 72°C, and then the sections washed by sequential incubations for 2 h at 72°C in 0.2 Â SSC, for 5 min at room temperature (RT) in 0.2 Â SSC, and for 5 min at RT in buffer 1 (RNase-free water containing 0.1 M TrisHCl (pH 7.5), 0.15 M NaCl, and 0.001% Tween 20). Sections were then incubated for 1 h in a blocking solution consisting of buffer 1 supplemented with 10% sheep serum. Next, sections were incubated overnight at RT with an alkaline phosphatase-conjugated anti-DIG antibody (1:5000 dilution in blocking buffer; Roche Diagnostics). The following day, sections were washed three times in buffer 1 for 5 min each at RT, and then incubated for 15 min in buffer 2 (0.1 M Tris-HCl (pH 9.5), 0.1 M NaCl, 50 mM MgCl 2 , 0.001% Tween 20, and 0.24 mg/mL levamisole) to inactivate endogenous alkaline phosphatases. Sections were then incubated in the dark for 3-36 h at RT in buffer 3 (buffer 2 containing 3.4 lL/mL nitroblue tetrazolium and 3.5 lL/mL 5-bromo-4-chloro-3-indolyl phosphate, and filtered sterilized through a 0.45 lm filter). Sections were then washed three times with PBS containing 0.1% Tween 20 to stop the reaction, and coverslips mounted onto slides with a gelatin-glycerol solution. Images of sections were captured using a Leica SCN400 microscope with a 10Â objective lens. Brightness levels of entire images were adjusted using Adobe Photoshop CS5 software to enhance the contrast. ''The Marmoset Brain in Stereotaxic Coordinates'' (Paxinos, Watson, Petrides, Rosa, & Tokuno, 2012) was used for accurate anatomical terminology.
Results
In situ hybridization was performed to investigate expression patterns of human speech-and reading-related genes in the common marmoset brain. Expression patterns of speech disorder-(FoxP1, FoxP2, CNTNAP2, and CMIP) and dyslexia-(ROBO1, KIAA0319, and DCDC2) related genes were analyzed. To compare expression patterns between these genes, we focused on the visual, auditory, and motor pathways. The results are summarized in Table 2 .
We used ClustalW to compare the probe sequences of marmoset FoxP1 and FoxP2. Aligned scores between the FoxP1 probe vs FoxP2 mRNA, and FoxP2 probe vs FoxP1 mRNA, were 63% and 64%, respectively. In addition, aligned scores of the FoxP1 probe vs FoxP3 and FoxP4 mRNAs were 38% and 51%, respectively, and those for the FoxP2 probe vs FoxP3 and FoxP4 mRNAs were 34% and 64%, respectively. Both probes included the leucine zipper and forkhead box regions, but our in situ hybridization conditions were of high stringency, e.g. used long probes and high temperatures for hybridization and wash steps. Moreover, there were brain regions that only showed hybridization signals for either FoxP2 or FoxP1, suggesting the probes were not cross hybridizing against the opposite endogenous mRNA. Furthermore, the FoxP2 expression pattern in our study was very similar to the results of Mashiko et al. (2012) . Specificity of the hybridization signals was confirmed through specific signal localization in the brain using anti-sense probes, and no signal using sense probes ( Supplementary Fig. S6 ). We used the male and female marmoset brain, and allowed the marmoset to freely express calls before anesthesia. We compared gene expression patterns between male and female, although our data did not show sex differences. We did not find individual differences in expression patterns.
Expression patterns of human speech-and reading-related genes in the visual pathway
The superior colliculus (SC) is important for generation of saccadic eye movements and eye-head coordination (Sparks, 1986; Wickelgren, 1971) . Superficial layers of the SC receive visual information, while deep layers receive multisensory inputs that include auditory information (Sparks, 1986; Wickelgren, 1971) . We found all of the genes examined except for DCDC2, were expressed in the SC at P0 and adulthood ( Fig. 1 and Supplementary Fig. S1 , Table 2 ). Superficial layers of the SC are associated with eye movements, and displayed higher expression levels of CNTNAP2, CMIP, ROBO1, and KIAA0319 than deeper layers. CNTNAP2, CMIP, ROBO1, and KIAA0319 were highly expressed in the optic nerve layer of the SC (Op) Table 2 ), which mainly consists of incoming axons that originate in the optic tract. The parabigeminal nucleus (PBG), which projects to superficial layers of the SC (Usunoff, Schmitt, Itzev, Rolfs, & Wree, 2007) , also expressed CNT-NAP2, CMIP, ROBO1, and KIAA0319 (Fig. 1L-O and Table 2 ), but not FoxP1, FoxP2, or DCDC2. The PBG also receives input from superficial layers of the SC (Hashikawa, Van Lieshout, & Harting, 1986) , and there are extensive projections from the PBG to the dorsal lateral geniculate nucleus (DLG), the relay center for visual information originating in the retina. The DLG has a layered structure (Goodchild & Martin, 1998) , with layers already formed in the marmoset brain at P0 (Mashiko et al., 2012) . The layers consist of three different cell types, magnocellular, parvocellular, and koniocellular (Goodchild & Martin, 1998) , and all the human speech-and reading-related genes, except for DCDC2, were expressed in all three layers ( Fig. 2B-H) . Notably, CNTNAP2, CMIP, ROBO1, and KIAA0319 had similar expression patterns at P0 and in the adult DLG ( Table 2 ), but FoxP1 and FoxP2 showed different expression patterns compared with these genes.
Expression patterns of human speech-and reading-related genes in the auditory pathway
The auditory system is important for language acquisition and perception. Auditory processing deficits are often found in subjects with language impairments (Bishop, Hardiman, & Barry, 2010; Table 1 Sequences of primers used.
Gene
Sense primer Antisense primer Product size (bp) Reference
R; A or G, Y; C or T, S; G or C, W; A or T, K; G or T, M; A or C, B; C, G, or T, H; A, C, or T. Table 2 Summary of gene expression patterns in the common marmoset brain. (Campbell, Reep, Stoll, Ophir, & Phelps, 2009; Ferland, Cherry, Preware, Morrisey, & Walsh, 2003) . In rats, Robo1 is expressed in the IC at embryonic day 20 but not at postnatal stages (Marillat et al., 2002) . Foxp1 and Robo1 are expressed in the MG in mice (Campbell et al., 2009 ) and rats (Marillat et al., 2002) , respectively. Robo1 is also expressed in the cochlear nucleus of rats (Marillat et al., 2002) . We found that human speech-and reading-related genes, except for DCDC2, were expressed in both the auditory cortex (Fig. 5D ) and MG ( Fig. 2 and Table 2 ). In particular, the IC expressed high levels of FoxP2 (Fig. 1S) , CNTNAP2 (Fig. 1T) , and CMIP (Fig. 1U) , but low levels of dyslexia-related genes or none at all (Fig. 1V-W and Table 2 ). Therefore, FoxP2 and FoxP1 expression patterns in marmoset IC are the same as in rodent IC. ROBO1 is expressed at P0 in marmoset IC, yet not at all in postnatal rat IC. FoxP1 and ROBO1 expression patterns in the MG are the same as in rodent.
Expression patterns of human speech-and reading-related genes in the motor pathway
The thalamocortical-basal ganglia circuit is known to play a role in voluntary motor control. Neuroimaging studies of KE family members found a decrease in gray matter volume in the caudate nucleus (CU) and an increase in gray matter volume in the putamen (PU), in affected compared with unaffected members . There is somatotopic representation of the body in the primary motor cortex including the area for orofacial movements (Brown, Ngan, & Liotti, 2008) . People with a nonfunctional FOXP2 allele show impairments in orofacial movements (Vargha-Khadem et al., 1995; Watkins, Dronkers, & Vargha-Khadem, 2002) . Moreover, it has been reported that several animals express FOXP2 in a thalamocortical-basal ganglia circuit consisting of the cortex, basal ganglia (including the CD, PU, substantia nigra pars reticulata (SNR), and internal segment of the globus pallidus (IGP)), and thalamus (including the mediodorsal thalamic nucleus (MD) and ventral lateral thalamic nucleus (VL)) (Enard, 2011; Takahashi et al., 2008; Teramitsu & White, 2006; Vargha-Khadem et al., 2005) . We found FoxP2 was expressed in the basal ganglia (Fig. 3) , thalamus (Fig. 2) , and specific layers of the cerebral cortex (Fig. 5) in the marmoset brain. In the primary motor cortex, almost all human speech-and reading-related genes were expressed in layers V and VI (Fig. 5 and Table 2 ), different to the expression patterns reported in other species. For example, in mice, Foxp1 is not expressed in the same layers as Foxp2, specifically, Foxp1 is expressed in layers III-V, while Foxp2 is expressed in layer VI (Ferland et al., 2003) . However, we demonstrate FoxP1 expression in layers III-VI, and FoxP2 in layers V and VI, confirming the report by Mashiko et al. Moreover, expression overlap between FoxP1 and FoxP2 is observed in cortical layers in macaque monkey and human fetal brain (Takahashi et al., 2008; Teramitsu, Kudo, London, Geschwind, & White, 2004) . Similarly, ROBO1 was expressed in layer VI in marmoset, but not rat brain (Marillat et al., 2002) . In general, layer V neurons project to the basal ganglia, and layer VI neurons to the thalamus (Haber & Calzavara, 2009 ). Human speech-and reading-related genes were also expressed in thalamic nuclei, specifically, the VL and MD (Fig. 2 and Table 2 ) that project to the primary motor cortex, which works in association with other motor areas to plan and execute movements (McFarland & Haber, 2000 . The inferior olive (IO) functions in learning and timing of motor control (De Zeeuw et al., 1998) . Foxp2 and Foxp1 are expressed in the IO in mice (Ferland et al., 2003; Fujita & Sugihara, 2012; Lai, Gerrelli, Monaco, Fisher, & Copp, 2003) , and FOXP2 in human IO (Lai et al., 2003) . We found FoxP2 and FoxP1 were also expressed in marmoset IO (Fig. 4J, K and Supplementary Fig. S4J, K) . Interestingly, both CNTNAP2 and CMIP were expressed in the IO (Fig. 4L, M and Supplementary Fig. S4L, M) , although none of the dyslexia-related genes were found in this structure ( Fig. 4N-P and Supplementary  Fig. S4N-P) .
The cerebellar nuclei consist of four major nuclei, the medial cerebellar nucleus (Med), lateral cerebellar nucleus (Lat), interposed cerebellar nucleus, anterior part (IntA), and interposed cerebellar nucleus, posterior part (IntP). CNTNAP2, CMIP, ROBO1, KIAA0319, and DCDC2 were expressed in all cerebellar nuclei at P0 (Fig. 4T-X) and adulthood (Supplementary Fig. S4T-X) . Conversely, FoxP1 and FoxP2 were only weakly expressed in the IntA and Lat at P0 (Fig. 4R and S) , with decreased expression in adulthood ( Supplementary Fig. S4R and S).
Expression patterns of human speech-and reading-related genes in the thalamus
FoxP1 and CNTNAP2 were highly expressed from P0 to adulthood in the MD (Fig. 2R, T and Supplementary Fig. S2R, T) . Conversely, FoxP2 was highly expressed in this area at P0 (Fig. 2S) , but its expression decreased in adulthood ( Supplementary  Fig. S2S ). ROBO1, KIAA0319, and DCDC2 mRNA signals were observed at P0 in the MD (Fig. 2V-X) . However, the ROBO1 signal decreased throughout development ( Fig. 2V and Supplementary  Fig. S2V ), while the KIAA0319 signal did not change ( Fig. 2W and Supplementary Fig. S2W ). DCDC2 expression level was weak from P0 to adulthood ( Fig. 2X and Supplementary Fig. S2X ).
In the ventral lateral thalamic nucleus (VL), FoxP2 was expressed at P0 (Fig. 2S ), but its expression decreased throughout development ( Supplementary Fig. S2S ). FoxP1 was expressed from P0 to adulthood ( Fig. 2R and Supplementary Fig. S2R ). CNTNAP2 mRNA signal was high from P0 to adulthood ( Fig. 2T and Supplementary  Fig. S2T ), while ROBO1 was highly expressed at P0 (Fig. 2V) , but its expression decreased in adulthood ( Supplementary Fig. S2V ). KIAA0319 was expressed from P0 to adulthood ( Fig. 2W and Supplementary Fig. S2W ). DCDC2 mRNA signal was observed at very low levels throughout development ( Fig. 2X and Supplementary Fig. S2X ).
Expression patterns of human speech-and reading-related genes in the basal ganglia
In the CD and PU, FoxP2 was highly expressed at P0 (Fig. 3C ), but had drastically decreased expression levels at adulthood ( Supplementary Fig. S3C ). In contrast, FoxP1 and CNTNAP2 were highly expressed at P0 (Fig. 3B and D) and adulthood ( Supplementary  Fig. S3B and D) . CMIP, ROBO1, and KIAA0319 were highly expressed at P0 (Fig. 3E-G) , but had decreased expression levels during development (Supplementary Fig. S3E-G) . DCDC2 was weakly expressed at P0 (Fig. 3H) , and not expressed in either the CD or PU in adulthood ( Supplementary Fig. S3H ).
In the substantia nigra pars compacta (SNC), CNTNAP2 and CMIP were highly expressed from P0 to adulthood (Fig. 3L, M and Supplementary Fig. S3L, M) . FoxP2 and FoxP1 were also expressed in the SNC from P0 to adulthood, but with relatively low expression levels (Fig. 3J, K and Supplementary Fig. S3J, K) . ROBO1 was expressed at P0 (Fig. 3N ), but its signal was reduced in adulthood ( Supplementary Fig. S3N ). KIAA0319 was expressed in the SNC from P0 to adulthood (Fig. 3O and Supplementary Fig. S3O ). DCDC2 was weakly expressed in the SNC in adult only ( Fig. 3P and Supplementary Fig. S3P ).
In the SNR, FoxP2, FoxP1, CNTNAP2, and CMIP were sparsely expressed from P0 to adulthood (Fig. 3J-M and Supplementary  Fig. S3J-M) . ROBO1, KIAA0319, and DCDC2 signals were sparsely observed from P0 to adulthood ( Fig. 3N-P and Supplementary  Fig. S3N-P) .
In the IGP, FoxP2 and CMIP were highly expressed from P0 to adulthood (Fig. 3S, U and Supplementary Fig. S3S, U) , but FoxP1 was not expressed (Fig. 3R and Supplementary Fig. S3R ). CNTNAP2 was expressed at low levels from P0 to adulthood (Fig. 3T and Supplementary Fig. S3T ). ROBO1 was expressed from P0 to adulthood ( Fig. 3V and Supplementary Fig. S3V ). KIAA0319 was weakly expressed in the IGP at P0 (Fig. 3W) , with reduced expression in adulthood ( Supplementary Fig. S3W ). DCDC2 was weakly expressed in the IGP at P0 (Fig. 3X) , and had increased expression in adulthood (Supplementary Fig. S3X ).
3.6. Expression patterns of human speech-and reading-related genes in the cochlear nuclei CNTNAP2 was strongly expressed in the dorsal cochlear nucleus (DC) at P0 and adulthood ( Fig. 4D and Supplementary Fig. S4D) . CMIP hybridization signals were also found in the DC at P0 and adulthood ( Fig. 4E and Supplementary Fig. S4E ). CMIP was not expressed in the granule cell layer of the cochlear nuclei (GrC) at P0 or in adulthood ( Fig. 4E and Supplementary Fig. S4E ). A strong hybridization signal for ROBO1 was observed in the GrC, and a weak signal in the DC, at P0 (Fig. 4F) . ROBO1 hybridization signals were observed in the DC but not the GrC in adulthood (Supplementary Fig. S4F ). FoxP1 and DCDC2 were expressed at low levels in the DC at P0 and adulthood, but not expressed in the GrC at P0 or adulthood (Fig. 4B, H and Supplementary   Fig. 5 . Expression patterns of human speech-and reading-related genes in the neonatal marmoset cerebral cortex. Low magnification images of visual cortex, auditory cortex and motor cortex (A-C), and high magnification images of primary (V1) and secondary (V2) visual cortex (top), primary auditory cortex (AuA1) (middle) and primary motor cortex (bottom) (D). V1: primary visual cortex; V2: secondary visual cortex; AuA1: primary auditory cortex. Scale bar in C = 0.1 mm (for A-C); in D = 0.2 mm (for each row). Fig. S4B, H) . FoxP2 hybridization signals were not observed in the DC or GrC at P0 or adulthood ( Fig. 4C and Supplementary  Fig. S4C ). KIAA0319 was weakly expressed in the DC at P0 (Fig. 4G) and not expressed in adulthood (Supplementary Fig. S4G ).
Expression patterns of human speech-and reading-related genes in the primary and secondary visual cortex
Area-and layer-specific expression patterns of the human speech-and reading-related genes were observed in the primary visual (V1) and secondary visual (V2) cortex (Fig. 5) . FoxP1 was expressed in layers III-VI in both V1 and V2, with particularly strong hybridization signals in layers IV and V at P0. The FoxP1 expression pattern was different in adulthood than at P0. Specifically, FoxP1 expression was observed in layers II-VI in both V1 and V2 in adulthood ( Supplementary Fig. S5) , with particularly strong expression in layers IVa, IVb, and IVc in V1, and in layer VI in both V1 and V2 (Supplementary Fig. S5 ). FoxP2 hybridization signals were observed in layers V and VI in V1, and in layers IV, V, and VI in V2 at P0 (Fig. 5) . The FoxP2 signal at P0 in layer V of V2 was higher than in layer V of V1 (Fig. 5) . In adulthood, FoxP2 was expressed in layers IV and VI in V2, and layer VI in V1, but expression levels were lower than those observed at P0 ( Supplementary  Fig. S5 ). CNTNAP2 hybridization signals were observed in layers II-VI in both V1 and V2 at P0 (Fig. 5) . CNTNAP2 hybridization signals in layers II, III, IVc, and VI in V1 were stronger than in other layers (Fig. 5) . In adulthood, CNTNAP2 hybridization signals were observed in layers II-VI in both V1 and V2, although signals in layer VI were higher in V1 than V2 (Supplementary Fig. S5 ). CMIP hybridization signals were observed in layers II-VI in both V1 and V2 at P0 (Fig. 5) . CMIP hybridization signals at P0 were particularly strong in layers II, III, IVc, and VI in V1, and layers II, III, and VI in V2 (Fig. 5) . CMIP expression levels were lower in adulthood than P0, but detected in layers II, III, and VI in V2, and layers II and VI in V1 (Supplementary Fig. S5 ). ROBO1 hybridization signals were observed in layers II, III, and VI in V1, and in layers II, III, V, and VI in V2 at P0 (Fig. 5) . ROBO1 hybridization signals in layers II and III were higher in V2 than in V1 (Fig. 5) . By contrast, ROBO1 hybridization signals were not observed in V1 or V2 in adulthood ( Supplementary Fig. S5 ). KIAA0319 hybridization signals were observed in layers II, III, V, and VI in both V1 and V2 at P0 (Fig. 5) . KIAA0319 hybridization signals in layers II and III were higher in V2 than V1 (Fig. 5) . By contrast, KIAA0319 hybridization signals were not detected in adulthood (Supplementary Fig. S5 ). DCDC2 hybridization signal was not detected in V1 or V2 at P0 or adulthood ( Fig. 5 and Supplementary Fig. S5 ).
Expression patterns of human speech-and reading-related genes in the primary auditory cortex
FoxP2 hybridization signals were observed in layers V and VI in the primary auditory cortex at P0 (Fig. 5) , but signals were very weak in adulthood ( Supplementary Fig. S5 ). FoxP1 was expressed in layers III-VI at P0 and adulthood ( Fig. 5 and Supplementary  Fig. S5 ). CNTNAP2 hybridization signals were observed in all layers at P0 and adulthood ( Fig. 5 and Supplementary Fig. S5 ). CNTNAP2 expression levels were higher in layers II and IV than the other layers at P0 (Fig. 5) , and CNTNAP2 was broadly expressed throughout all layers in adulthood ( Supplementary Fig. S5 ). CMIP hybridization signals were observed in all layers at P0, although the signal in layers II and IV were higher than other layers (Fig. 5) . CMIP hybridization signals were observed in layers II-VI in adulthood, with higher signal in layer II than other layers (Supplementary Fig. S5 ). ROBO1 was expressed in layers II-VI at P0 (Fig. 5) , with reduced expression levels in adulthood (Supplementary Fig. S5 ). ROBO1 was more highly expressed in layer II than the other layers at P0 (Fig. 5) .
KIAA0319 hybridization signals were observed in layers II-VI at P0 (Fig. 5 ), but not in adulthood ( Supplementary Fig. S5 ). DCDC2 hybridization signal was not observed in the primary auditory cortex at P0 or adulthood ( Fig. 5 and Supplementary Fig. S5 ).
3.9. Expression patterns of human speech-and reading-related genes in the primary motor cortex
In the primary motor cortex, FoxP2 hybridization signals were observed in layers V and VI at P0 (Fig. 5) , but with reduced signal in adulthood (Supplementary Fig. S5 ). FoxP1 was similarly expressed in layers V and VI, and also in layers II and III (Fig. 5 and Supplementary Fig. S5 ). CNTNAP2 mRNA signal was observed in all layers from P0 to adulthood (Fig. 5 and Supplementary  Fig. S5 ). ROBO1 was expressed in layers II-VI at P0 (Fig. 5) , and layers III and V in adulthood (Supplementary Fig. S5 ). ROBO1 was more highly expressed in layer V compared with other layers from P0 to adulthood (Fig. 5 and Supplementary Fig. S5 ). KIAA0319 mRNA signal was observed in layers II-VI at P0 (Fig. 5 ), but only a weak signal observed in layers V and VI in adulthood (Supplementary Fig. S5 ). DCDC2 mRNA signal was observed in layer V at P0 and adulthood, although the signal was very weak (Fig. 5 and Supplementary Fig. S5 ).
Discussion
In this study, expression patterns of human speech-and reading-related genes were examined at P0 and adulthood in the common marmoset brain by in situ hybridization.
Reading is a cognitive function consisting of sensory perception, eye movements, language, and so on. Dyslexic subjects can have abnormalities causing dysfunction in any of these processes (Ramus et al., 2003) . Eye movements of dyslexic subjects during reading are different from those of age-matched control subjects. Specifically, dyslexic subjects show regressive saccades, unstable fixation, or long fixation durations (Bucci, Nassibi, Gerard, BuiQuoc, & Seassau, 2012; Iles, Walsh, & Richardson, 2000; Jainta & Kapoula, 2011) . We found that the dyslexia-related genes, ROBO1 and KIAA0319, and the SLI-related genes, CNTNAP2 and CMIP, are expressed in components of the visual pathway (including the SC, PBG, and DLG) for oculomotor control (Table 2) . It has been reported that not only dyslexia-related genes, but also SLI-related genes, are associated with reading disabilities (Newbury et al., 2011) . Therefore, our results suggest the possibility that oculomotor abnormalities may underlie reading disabilities in subjects with genetic variants of dyslexia-or SLI-related genes.
The motor system is important for motor control, vocal learning, language acquisition, and speech. Speech is a possible external interface for language. We show that human speech-and readingrelated genes are expressed in the basal ganglia, thalamus, and specific layers of the primary motor cortex (Table 2) . Intriguingly, songbirds also possess a song circuit comprised of specific nuclei (analogous to the thalamocortical-basal ganglia circuit) for song learning and singing, which is considered to resemble aspects of vocal learning in human (Bolhuis et al., 2010; Brainard & Doupe, 2002; Jarvis et al., 2005) . Furthermore in songbirds, FoxP2 is expressed in the dorsal thalamus and striatum, including the song nucleus Area X (analogous to the basal ganglia) (Haesler et al., 2004; Panaitof, Abrahams, Dong, Geschwind, & White, 2010; Teramitsu et al., 2004) , and its expression level is dependent on the neural activity involved in context-dependent vocalization (Miller et al., 2008; Teramitsu, Poopatanapong, Torrisi, & White, 2010; Teramitsu & White, 2006) . During song development, FoxP2 knockdown in Area X by lentivirus-mediated RNA interference causes inaccurate song imitation and a reduction in neural spine density (Haesler et al., 2007) . Thus, the thalamocortical-basal ganglia circuit is thought to contribute during development to song learning and vocal control in songbirds, with FoxP2 intimately involved, similar to the situation in humans (Haesler et al., 2007; Schulz, Haesler, Scharff, & Rochefort, 2010; Teramitsu et al., 2010) . Overall, these results suggest that the FoxP2 expression pattern in the thalamocortical-basal ganglia circuit is conserved between marmoset and other species. The IO is important for learning and timing of motor control (De Zeeuw et al., 1998) , and is closely associated with the cerebellum. Jurgens and Richter (1986) reported that vocalizations can be induced by electrically stimulating the IO (Jurgens & Richter, 1986) . Therefore, although the relationship between the IO and speech is unclear, it may be associated with vocalization in humans. Future studies are necessary to investigate the role of the IO and speech disorder-related genes in vocalization.
Almost all speech impairments and reading disabilities are learning disorders, prevalent in childhood. Most of the genes associated with these disorders play important roles in neural development, yet show different expression patterns in different brain areas. Furthermore, expression levels or patterns of these genes also changed during development in the marmoset brain (Table 2) . Non-human primates do not have language or acquire vocalization in the way that humans do, because of differing neuroanatomical connectivity of the auditory-vocal regions between humans and non-human primates. The arcuate fasciculus is a white-matter fiber tract that links the lateral temporal cortex with the frontal cortex, via a dorsal projection that arches around the Sylvian fissure (Rilling et al., 2008) . The arcuate fasciculus shows significant differences between human and monkey brain, with projections to the middle and inferior temporal gyrus absent in monkey (Thiebaut de Schotten, Dell'Acqua, Valabregue, & Catani, 2012) . In addition, from the point of view of vocal learning, direct connections between the telencephalon and medullary vocal motor nucleus have been reported in a limited number of vertebrates. In mammals, direct connections between the primary motor cortex and nucleus ambiguus that controls the vocal organ, are present in humans (Iwatsubo, Kuzuhara, Kanemitsu, Shimada, & Toyokura, 1990; Kuypers, 1958a; Schoen, 1969) , but not observed in monkeys (Jurgens, 1976 (Jurgens, , 2002 Kuypers, 1958b; Simonyan & Jurgens, 2002) . In contrast, neural activation in the homologue of Broca's area is observed in vocalizing marmosets using gene expression analysis of immediate early genes (Simoes et al., 2010) . Therefore, the marmoset has similar neural mechanisms for vocalization as humans, and is thereby useful for examining neural mechanisms of vocal communication.
It is not known if vocal communication in the common marmoset is an innate or learned behavior, but it remains possible that some kind of plasticity is involved as vocalizations change gradually throughout development (Pistorio et al., 2006) . It will be interesting to investigate correlations between gene expression changes during development and behaviors such as vocal communication. Moreover, it is not known if marmosets have the ability to read. It has been reported that with training, the baboon (Papio papio) can discriminate words and non-words (Grainger, Dufau, Montant, Ziegler, & Fagot, 2012) . Thus, by drawing parallels, it could be speculated that monkeys have the origin or precursor of the neural circuit underlying reading ability in humans. Our findings may therefore be useful for understanding the neural mechanisms of speech and reading ability.
An association between phonological buffer deficits related to SLI, and SNPs in the ROBO1 gene has been reported (Bates et al., 2011) , suggesting there may be a correlation between dyslexia and SLI (Bishop & Snowling, 2004) . ROBO1 regulates midline crossing of major nerve tracts, a fundamental property of the mammalian central nervous system. From studying a dyslexic patient with a weak expression haplotype for ROBO1, it is known that ROBO1 expression levels are important for normal crossing of the auditory pathway (Lamminmaki, Massinen, Nopola-Hemmi, Kere, & Hari, 2012) . Our data also demonstrate that ROBO1 is expressed in layers II, III, and V, layers that project to the contralateral side (Table 2 ). In addition, SNPs in the KIAA0319 gene are associated with SLI (Rice, Smith, & Gayan, 2009) , and associations between reading-related measures and CNTNAP2 and CMIP variants in SLI families have been reported (Newbury et al., 2011) . CNTNAP2 is also associated with non-word repetition in dyslexia patients (Peter et al., 2011) , and FOXP2 genetic variants with dyslexia-specific brain activations (Wilcke et al., 2012) . By contrast, DCDC2 variants are only associated with dyslexia (Newbury et al., 2011) . Thus, overlapping expression patterns of CNTNAP2, CMIP, ROBO1, and KIAA0319 (but not DCDC2) are consistent with the overlapping symptoms caused by variants of these genes, and the published association study (Newbury et al., 2011) , and further our understanding of the molecular basis underlying language impairments. Nevertheless, it is difficult to draw specific conclusions about where and how genetic variants of human speech-and reading-related genes influence the brain and behavior. To do this, it will be necessary for future studies to artificially manipulate gene expression in different brain regions and determine the effects of these modifications on language-related behaviors.
A recent study developed a transgenic common marmoset (Sasaki et al., 2009) . If marmosets expressing genetically modified versions of human speech-and reading-related genes are generated, the neural substrates underlying vocal communication can be investigated. Transgenic marmosets will potentially allow elucidation of the mechanisms underlying language. In addition, these models are useful for investigation of higher-order cognitive functions through a number of approaches, including behavioral psychological Yamazaki, Echigo, et al., 2011) , neuroimaging (e.g. positron emission tomography imaging in awake conditions (Yokoyama et al., 2010) and MRI imaging (Hikishima et al., 2011 (Hikishima et al., , 2013 , electrophysiological (Wang, Merzenich, Beitel, & Schreiner, 1995) , molecular biological (e.g. microarray analyses) (Datson et al., 2007; Fukuoka et al., 2010; Shimada et al., 2012; Tomioka et al., 2010) , and in situ hybridization (Mashiko et al., 2012) . Our study demonstrates expression patterns of human speech-and reading-related genes in marmoset brain, providing fundamental data for furthering neurobiological understanding of vocal communication in humans and other species.
Conclusions
Expression patterns of human speech-and reading-related genes, including speech disorder-related genes (FoxP1, FoxP2, CNT-NAP2, and CMIP) and dyslexia-related genes (ROBO1, KIAA0319, and DCDC2), were examined in the common marmoset brain at P0 and adulthood. Our results show these genes have overlapping expression patterns in the visual, auditory, and motor systems, and provide a molecular basis for understanding the overlapping symptoms found in language impairments and reading disabilities. 
